This study investigates the effect of broadband internet availability on German establishments' employment growth. The database used is a random sample of business establishments, augmented by the local availability of broadband. The observation period is 2005-2010, when broadband was introduced in rural regions of Western Germany and in large parts of Eastern Germany. For the Western German subsample, technical frictions in broadband rollout are exploited to obtain exogenous variation in broadband availability. The findings indicate a negative (albeit not very robust) employment growth effect of broadband availability for Western German manufacturers, and a robustly positive effect for Western German service establishments, including most knowledge-intensive industries. For Eastern Germany, a similar identification strategy is potentially available, but turns out invalid in this particular setting. An alternative identification approach (a long difference model) indicates positive employment growth effects in both sectors for Eastern Germany. Overall, the findings suggest that broadband expansion has helped create jobs in firms which use broadband intensely. 
Introduction
The expansion of broadband internet is one of the most important current developments in the technological infrastructure of industrialized countries. Across the globe, national and regional governments are investing large sums in broadband expansion, notably to rural areas. Germany, the empirical focus of this paper, is no exception. According to one estimate, the German federal government's goal to provide download rates of at least 50 Mbit/s to all households in Germany by 2018 requires investments of at least € 20 billion.
1 One of the declared goals of broadband expansion is job creation, particularly in knowledge-intensive industries. As yet, however, empirical evidence concerning firms' job creation is sparse and ambiguous.
Theoretically, broadband may affect the labor market through various channels and in various directions. For instance, broadband might increase the demand for products sold via the internet (cf. Brynjolfsson et al. 2009; Goolsbee 2000; Ellison and Ellison 2009; Goolsbee et al. 2010; Einav et al. 2014) , with theoretically ambiguous implications for employment in online retail and stationary retail. Another channel could be labor supply and matching effects working through a more efficient job search (e.g., Autor 2001; Kuhn and Skuterud 2004) . In contrast, this study seeks to isolate the employment growth effects of broadband expansion at the establishment level. Furthermore, the study addresses effect heterogeneity between sectors and on knowledge-intensive industries in particular, to obtain a clearer impression of the channels through which broadband may affect establishments' employment growth.
The analysis focuses on the years 2005-2010, when broadband was introduced in the rural parts of Western Germany and large parts of Eastern Germany. For the Western German subsample, in order to identify the causal relationship between broadband availability and employment growth, the analysis uses exogenous differences in local broadband availability arising from historically determined technical frictions. For Eastern Germany, a similar identification approach is potentially available, but it turns out inadequate in the current setting.
With regard to the data and identification approaches, two major limitations of this study should be stated clearly. First, the analysis is based on first-generation broadband, i.e., the technological standard of the early 2000s, which enabled relatively simple applications such as e-mail and lower-resolution video streaming. Today, the term "broadband" may refer to much higher bandwidths and much more demanding applications, the labor market effects of which may differ from those found in this paper. Second, the main identification strategy applies only to rural Western Germany, and therefore does not capture the bulk of economic activity in the country. However, rural regions are often the focus of public debates and policies on infrastructure improvement. In this sense, this study might still contribute policy-relevant insights.
The remainder of this paper is structured as follows. Section 2 sketches potential labor market effects of information and communication technology (ICT) and broadband internet and reviews previous empirical evidence. Section 3 describes the broadband data and discusses the identification strategy. Section 4 presents the estimated model of employment growth, the employment data, and descriptive statistics. Section 5 presents the estimation results. Section 6 concludes.
Broadband and the labor market: previous research
In the terminology of Bresnahan and Trajtenberg (1995) , information and communication technologies (ICTs) , and therefore broadband, are "general purpose technologies" which improve the conditions for innovation and productivity in a broad range of economic activities, that is, far beyond the ICT sector (see also Harris 1998 and Atkinson and McKay 2007) . Accordingly, empirical studies typically find positive effects of advancements in ICT on output, growth, and productivity, see for instance Holt and Jamison (2009) for evidence from the US, and Czernich et al. (2011) for cross-country evidence. Regarding the effects of broadband in particular, see Cardona et al. (2013) , Bertschek et al. (2015) , De Stefano et al. (2018) , Draca et al. (2018) , and Haller and Lyons (2019) . Regarding the labor market, the absolute employment effect of technological progress is theoretically ambiguous. Generally speaking, a given technology may substitute for or complement labor, depending on the particular economic activity (industry) and configuration of work tasks (occupation), see e.g. Cahuc and Zylberberg (2004, p. 587 sqq.) . Broadband in particular may affect both the supply and demand sides of the labor market: On the one hand, fast internet connections facilitate job search and may increase the number and quality of job offers job seekers can receive, thus improving the conditions for labor supply and worker-firm matching (see, e.g., Autor 2001; Kuhn and Skuterud 2004; Kuhn and Mansour 2014; and Mang 2012) . On the other hand, broadband may affect labor demand through its use in the production process. By increasing the efficiency of information-intensive production processes (and service provision), broadband allows for productivity growth and process innovations, at least in particular industries. These considerations emphasize the importance of industrial heterogeneity, pointing to knowledge-and information-intensive industries as being particularly affected by broadband expansion. Furthermore, there are a number of secondary channels through which broadband potentially affects firm-level employment. For instance, a fast internet connection may facilitate outsourcing and offshoring of knowledge-intensive services (Katz and Suter 2009) , thereby potentially destroying jobs within the outsourcing firm and creating jobs elsewhere. Furthermore, broadband facilitates working from home (Dettling 2017) and more generally, reconciling employment and family life (Billari et al. 2019) . By using data on establishments' local broadband availability, this study captures both labor demand and labor supply effects. Due to the focus on establishment locations, labor demand appears theoretically as the more obvious channel of effects. Empirically, however, it is not possible to isolate the demand-and supply-side channels (unless workers' and firms' broadband availability can be distinguished precisely, which is not possible with the data used in this study).
Many previous empirical studies on the labor market effects of broadband consider outcomes at the regional level, since broadband availability varies mainly in the spatial dimension. Overall, studies at the regional level tend to find positive, but not necessarily large employment and wage effects of broadband, with high-skilled workers and service firms being most likely to benefit (see What Works Centre for Local Economic Growth 2015, for a comprehensive literature survey). Similarly, Bertschek et al. (2015) conclude that the overall labor market effects of broadband tend to be positive. Most empirical studies focus on the US; among these, some consider employment growth as an outcome. Forman et al. (2012) find that firms' investment in advanced internet technology increases employment growth in US counties, but only in a small subset of already technologically advanced counties. Kolko (2012) finds for US counties and ZIP code areas that the number of broadband providers increases employment growth, mostly in technology-intensive sectors (e.g., scientific and technical services). Whitacre et al. (2014) find that rural US counties with higher levels of broadband adoption experience higher employment growth. Ivus and Boland (2015) study the effect of broadband availability on employment growth in Canadian regions. They find no significant overall effect, but a positive effect for rural areas, stemming from the service sector and from ITintense industries in particular. Atasoy (2013) finds that local broadband availability increases employment in US counties, an effect driven by the expansion of incumbent firms rather than firm entry. Using German data, Fabritz (2013) finds evidence of small positive employment effects of broadband availability at the municipality level, apparently driven by the service sector.
Turning to firm-level evidence, there are several studies that observe not only broadband availability, but also the actual adoption (use) of broadband. Overall, empirical studies tend to find stronger and more robust effects of broadband adoption as compared to availability. For instance, Bertschek et al. (2013) find that broadband adoption positively affects innovation in German firms. Colombo et al. (2013) find positive productivity effects associated with the adoption of advanced broadband technology by Italian firms. Bertschek and Niebel (2016) find evidence of positive labor productivity effects of mobile internet use by German firms, supposedly working through increased flexibility in the organization of work. In contrast, De Stefano et al. (2014) find no significant effect of broadband adoption on the sales, employment, labor productivity, or survival of firms in the UK. Canzian et al. (2015) find a positive effect of an advanced broadband technology (ADSL2 +) on Italian firms' productivity, but not employment; however, they observe only availability, but not adoption. Broadly speaking, service-sector employment seems to be more strongly affected by broadband than manufacturing employment, likely reflecting the key role of information as an input in services (Arntz et al. 2016) .
Considering effect heterogeneity at the firm and worker levels, Akerman et al. (2015) find that broadband adoption increased high-skilled workers' employment, productivity, and wages, at the expense of low-skilled workers, in Norway. They attribute their findings to the complementarity of internet use with abstract, nonroutine work tasks. In contrast, Akerman et al. (2015) find no effect on the output elasticity of capital, suggesting that broadband affects labor demand primarily through its effect on labor productivity. Furthermore, the authors rule out several alternative channels through which broadband expansion might affect labor market outcomes, such as a shift in product demand to products that can be ordered online. Since the results are found not to be driven by such alternative explanations, it is argued that the complementarity between broadband and (skilled) labor, and therefore the productive use of broadband, is the main channel of effects.
Against this background of previous research, this study seeks to contribute evidence on the employment growth effects of broadband availability at the establishment level, using German data, and thereby to fill an empirical research gap.
Identification strategy

Broadband data
This paper focuses on the first generation of broadband, which became available in Germany around the year 2000. By far the most important broadband technology in Germany was and is DSL (digital subscriber line), which accounts for over 90 percent of broadband subscriptions (Bundesnetzagentur 2013) . Compared to older technologies (dial-up, ISDN), DSL drastically increased data transfer rates (from at most 128 kb/s to at least 384 kb/s). The main explanatory variable in this paper is DSL availability. It is measured as the share of households, at the municipality-year level, for which a DSL connection is technically available, but not necessarily adopted (used). The data are obtained from the Broadband Atlas Germany (Federal Ministry of Economics and Technology 2009).
First-generation DSL was rolled out rather rapidly in Germany, because it was based on the telephone network-that is, an existing infrastructure. Figure 4 in "Appendix" illustrates that overall, Germany reached a high level of DSL availability within the period of observation. As illustrated by Fig. 1 , the largest cities (e.g. Berlin, Hamburg, Munich, and the Rhein-Ruhr area) were well served with DSL throughout this period. In contrast, a large number of municipalities in rural Western Germany and Eastern Germany gained DSL access only in this period. More precisely, there are considerable differences even between neighbor municipalities that do not differ much in other respects. These sharp differences in DSL expansion between municipalities offer an opportunity to identify causal relationships between local broadband availability and labor market outcomes, even though broadband is provided by private firms and therefore, local broadband availability should be endogenous with regard to economic outcomes. However, by relying on the preinstalled telephone network, there were some unforeseen and therefore quasi-random technical obstacles to DSL provision in some municipalities. These technical obstacles have been exploited by Czernich et al. (2011 , Bauernschuster et al. (2014) , and others to construct instrumental variables (IVs). This study applies a similar IV approach, yet with the focus on German establishments' labor demand, an outcome previously not addressed in the empirical literature.
Instrumental variable approach
To identify the causal relationship between DSL availability and employment growth, this study seeks to exploit sources of exogenous variation in the former variable.
There exist two such sources, one each for rural Western Germany and urban Eastern Germany, which potentially allow for the construction of instrumental variables. Turning first to Western Germany, the key to the identification strategy is that during the observation period of this study, DSL was supplied using "fiber-to-the-node" (FTTN) technology. This means that only the more central part of the telecommunications network was already equipped with "fast" fiber wires. In contrast, the decentral part of the network (the "last mile"), which reaches from the so-called main distribution frames (MDFs) to the households, was still served via copper wires. The telephone network, including the MDFs, was installed in the 1960s by the (West) German Federal Postal Services, then the state-owned monopoly provider of telephone service. The Federal Postal Services, not subject to competition and not profit-oriented, installed the network such that telephone service could be provided universally throughout Germany. The location of the MDFs was determined by the availability of lots or buildings were they could be placed (cf. Falck et al. 2014) . Most importantly, the precise locations of MDFs were irrelevant for the feasibility and quality of telephone service, and even pre-DSL internet service (dial-up and ISDN). Thus, MDF locations were determined quasi-randomly at a small spatial scale, in the sense that it did not matter whether a MDF was some kilometers closer or further away from its users. Therefore, it is rather unlikely that MDF locations, chosen in the 1960s, are correlated with local amenities and services-e.g., closeness to town centers, public transport stations, or centers of economic activity (such as shopping centers and industrial districts)-that could matter for employment (let alone employment growth) in the 2000s.
To provide some descriptive evidence, the circa 8000 MDFs were allocated relatively densely and evenly across the country (see Fig. 5 in "Appendix"), especially in rural areas. As indicated by Fig. 6 in "Appendix", municipalities above and below the distance threshold are frequently located right next to each other, and therefore likely very similar. Furthermore, there are very few municipalities whose entire territory is more than 4.2 km distant from the MDF (cf. Fig. 3 in Sect. 5.2), due to the dense allocation of MDFs even in the most rural areas. Finally, some municipalities got connected to a rather far-away MDF (more than 4.2 km from the centroid) even though there is a closer MDF (less than 4.2 km from the centroid). This would not probably not have happened had distance played any important role for telephone service.
With the introduction of broadband internet, however, distance to the MDF suddenly became important. When DSL was introduced in the 2000s, the main provider (Deutsche Telekom) defined the minimum signal strength required for DSL service to be 55 dB, which translates into a copper-wire distance of approximately 4.2 km. Thus, beyond 4.2 km from the MDF, Deutsche Telekom did not provide DSL until, years later, at least part of the copper wires became replaced by fiber wires. Other providers had to rely on the same network and therefore could not provide DSL either. Although it would have been technically possible for Deutsche Telekom to create additional MDFs, this did not happen: DSL was rolled out in the early 2000s purely using the thenexisting telephone network, supposedly for economic reasons-installing new wires would have been very costly, since telecommunication wires are installed subsurface in Germany (see also Falck et al. 2014 ).
The 4.2 km distance threshold can therefore be used as a binary IV for local broadband availability. To obtain an unambiguous measure of the distance between a municipality and its MDF, one can use the centroid (geographic center) of the municipality. Thus, the following IV is defined for each municipality m:
Municipalities with IV m = 1 are thus expected to have a lower DSL availability.
For this dummy variable to be a valid instrument, it must not affect labor market outcomes except through its effect on DSL availability. One should therefore ask whether the location of economic activity (i.e., firm location) depends on the nearby presence of an MDF, at least concerning firms whose business strongly depends on fast internet access. In the rural (Western German) setting which this study focuses on, this might be less of a concern, given that information-intensive economic activities tend to concentrate in urban areas. Nevertheless, to alleviate potential problems of endogenous firm location, in this study the Western sample is restricted to establishments founded before the observation period (2005) (2006) (2007) (2008) (2009) (2010) . For these establishments, DSL availability can plausibly be regarded as given, and hence their locations can be regarded as exogenous. A technical prerequisite of this IV approach, and its main caveat, is that it only applies to municipalities without an own MDF, which are rather rural. More urban municipalities have at least one own MDF, so the distance between the municipality centroid and the MDF is ambiguous. These municipalities are therefore excluded from the sample.
Deviating slightly from Falck et al. (2014) , the identification strategy in this study focuses on the distance between each municipality and its originally assigned MDF (i.e., the MDF to which the municipality's households were connected for telephone service in the 1960s). For a minor share of municipalities with an assigned MDF above the threshold, this distance was in fact not an obstacle to DSL rollout, namely if there was another, nearer MDF than the originally assigned one. These municipalities could, after all, obtain DSL by getting connected to the nearer MDF. Falck et al. (2014) exploit this setting to construct a second IV, namely another distance-threshold dummy with respect to the nearest MDF, given that the originally assigned MDF's distance is above the threshold. However, this results in an even smaller and more rural subsample of municipalities. Given the aim of this study (identifying establishmentlevel employment growth effects), such a subsample seems too small and selective, considering that establishments and employment concentrate in more urban areas. Therefore, only the first distance threshold (referring to the originally assigned MDF) is used to create an IV, and the (few) municipalities above this threshold, but within reach of a nearer MDF, are dropped from the sample. For a descriptive comparison of sample municipalities to all other municipalities, see Table 13 in "Appendix".
The relevance of the instrument can be displayed as a relationship between municipal DSL availability (in year t) and the distance to the municipality's MDF. In Fig. 2 , municipality-year observations are grouped into bins (each containing 100 observations, except for the last bin) ordered form nearest to furthest from the MDF. As the graph shows, DSL availability decreases sharply at the 4.2 km threshold. The last bin (at > 10,000 meters from the MDF) contains only one observation and therefore can be regarded as an outlier.
In Eastern Germany (the former German Democratic Republic), there was another historic "accident" that also caused some municipalities to receive DSL service much later than others, namely the installation of the so-called OPAL (optical access line) technology in the early 1990s (see Falck et al. 2014 and Fig. 5 in "Appendix"). Although OPAL was considered state-of-the-art at the time, the technology was incompatible with broadband, and thus turned out to be a disadvantage for DSL rollout. Therefore, analogous to the distance threshold used for Western German municipalities, a municipal-level OPAL dummy could be used to split the sample into a technologically disadvantaged group and a "lucky" group of municipalities. However, descriptive statistics indicate that the OPAL dummy is correlated with municipalities' labor market indicators, which might directly affect establishments' employment growth. It is therefore not a valid IV for DSL availability in the present context (unlike in the case of Falck et al. (2014) , where the outcome of interest is voting behavior). Therefore, in the following, only the IV approach for Western Germany is pursued.
Measurement and identification
Besides the above-discussed problem of endogeneity (the main motivation for the proposed IV approach), another rationale for employing IV regression is to address measurement error in the explanatory variable (see Pischke 2009, p. 127 sqq. and Hausman 2001) , which biases OLS estimates towards zero. Here, the main source of measurement error is that DSL availability is observed only at the municipality level, while employment growth is observed at the establishment level. By using variation in DSL availability driven by the instruments, attenuation bias can be alleviated. However, there is also measurement error in the instruments themselves, namely if a municipality is classified as being above the distance threshold, while the establishment location is in fact below the threshold, or vice versa. Yet, this problem can be addressed by using alternative instruments (see robustness checks).
Regarding the interpretation of the estimates, the IV estimator identifies the local average treatment effect (LATE) for "compliers" (Angrist and Pischke 2009, p. 154 sq.) . In this context, compliers are establishments in municipalities which have lower (higher) broadband availability if the technical friction used as an IV is (not) in place (Imbens and Angrist 1994) . Considering the massive negative association between the IV and municipal broadband availability (see also descriptive statistics below), non-compliance appears to be a negligible problem. Municipalities could hardly circumvent the technical obstacle from which the IV is constructed, particularly not within a few years. At the establishment level, one potential problem of non-compliance does arise: Large customers can obtain broadband service independently of the municipality-wide DSL provision, via private leased lines. Yet, leased lines are affordable only to larger establishments. According to Fabritz (2013) , 82 percent of German establishments use the local DSL infrastructure. This share is likely to be even higher in the sample at hand, which omits urban Western Germany and therefore the bulk of Germany's large establishments (the average size of the sample establishments is about ten full-time employees). Thus, only few establishments in the sample are likely to be non-compliers.
Another caveat regarding the interpretation of the estimates is that only the availability, but not the adoption of broadband is observed. As discussed by Czernich (2014) , the effects of broadband availability are necessarily closer to zero than the effects of its adoption if, as seems likely, broadband affects firms through its actual use by firms. At the same time, however, note that the observation period captures a relatively late stage of DSL rollout (the late-coming municipalities), when the DSL technology was already well established and easily affordable even to households. Most establishments therefore likely adopted DSL as soon as it became available, so the difference between availability and adoption should be small, and the estimated effects of DSL availability should largely reflect the effects of DSL adoption.
Employment data, estimation model, and sample
The broadband data are merged with employment data from the Establishment History Panel (BHP, version 1975 (BHP, version -2010 of the Institute for Employment Research (IAB) at the municipality-year level. 2 The BHP is an annual panel, based on administrative records, that contains employment aggregates and other characteristics of all establishments in Germany with at least one employee liable to social security at the reference date, June 30. For a more detailed description of the BHP, see Gruhl et al. (2012) . The base sample used is a ten percent random sample of establishments observed in the BHP in the period 2005-2010. This sample is cleared further of establishments in Western German municipalities where the IV approach cannot be applied (i.e. municipalities with one or several own MDF(s)). Furthermore, the sample is cleared of establishments observed for the first time in 2005 or later, since these are newly founded establishments which may have chosen their location conditional on broadband availability. All further sample cleaning steps are documented in "Appendix" section "Sample restrictions". After all sampling and cleaning steps, there remain 33,473 observations of 8405 establishments, where 56 percent of observations (57 percent of establishments) belong to the service sector.
The estimation equation for establishments' employment growth can be expressed as follows:
For the Western German sample, the specification is a two-stage model, with Eq. (1) being the second stage and DSL mt being instrumented in the following first-stage equation:
For the Eastern German sample, Eq. (1) is estimated in one step using OLS. The dependent variable in all estimations is the log growth rate of establishment i's employment ( L it ) between years t + 1 and t (with t ∈ [2005, 2009] ). The explanatory variable of interest is the availability of broadband in municipality m and year t ( DSL mt ), measured as the share of households for which DSL is available. Since broadband availability is measured at the municipality level, and the sampled municipalities are relatively small, places of work and residence are relatively unlikely to coincide. That is, the estimate β 1 should be driven primarily by the productive use of broadband in establishments, rather than by potential effects on workers' job search behavior, worker-firm matching, or product demand. However, as discussed in Sect. 2, it is not possible with the data at hand to isolate labor demand and supply effects. Control variables at the establishment level ( X it ) are the log number of full-time employees, the share of high-qualified employees, 3 the log median wage of fulltime employees, and three dummies for establishment age. Unfortunately, the BHP does not contain data on capital, investment, output, or profitability. Municipalitylevel controls ( X ′ mt ) include log full-time employment and its growth rate (between t−1 and t), log full-time employment density, the share of high-qualified employment, as well as the log mean wage of full-time employees. Municipality-level controls are computed using the entire population of establishments in the BHP. The mean wage is computed as the municipality-year mean of establishment-level median wages. Finally, fixed effects for districts (c), three-digit industries (j), and years (t) are included.
Since large establishments are rare but employ a major share of the total workforce, all estimations are weighted by the establishments' full-time employment, to obtain meaningful estimates regarding the overall employment growth effect (unweighted regressions are also presented as a robustness check). Furthermore, standard errors are
clustered at the municipality level, since this is the level at which the instrument varies.
The final estimation samples contain 33,473 establishment-year observations from 2375 municipalities for Western Germany and 78,354 observations from 2085 municipalities for Eastern Germany (see Table 1 ). The striking discrepancy between the East and West sample sizes is due to the rural bias of the Western subsample, owing to the restriction that sample municipalities must not possess an own MDF (see Sect. 3.2). In the Western sample, 35 percent of the establishments are subject to a local technical obstacle impeding DSL rollout (i.e. IV m = 1 ), and DSL availability is significantly lower in these municipalities. For further summary statistics at the establishment and municipality levels, see Tables 11  and 12 in "Appendix".
Regarding the validity of the identification strategy, the key question is whether the IV can be regarded as exogenous. For a basic assessment of exogeneity, we can compare means of relevant pre-determined covariates for both values of the IV (Table 2 ). The data refer to 1999, the year before DSL was introduced, so DSL availability cannot have affected these values. The two middle columns contain raw means of the respective variable; the reported p-values stem from t-tests on equality of means, where means were cleared of district fixed effects, analogous to the estimation equation.
The table indicates for Western Germany that municipalities above the distance threshold had slightly lower employment levels in 1999 than municipalities below the threshold. However, there are no significant differences in past employment growth and local labor market characteristics such as the share of high-qualified workers and the wage level. This slight imbalance is accounted for in the estimations by controlling for the contemporary values of the same covariates. For Eastern Germany, in contrast, splitting municipalities by the value of the OPAL dummy generates two subsets that differ significantly in their base-year levels and growth rates of employment. Therefore, it cannot be credibly held that the OPAL dummy would be a valid IV in the model to be estimated, and hence it is not used in this study.
Estimation results and discussion
Main results
The main regression results are presented separately for manufacturing and service establishments, since previous literature points to heterogeneous effects between both sectors. Table 3 reports OLS estimates for Western Germany. Please recall that the results for Western Germany are based on a rural subsample of municipalities (those without an own MDF, and for which thus the IV approach can be applied). For manufacturers, the estimated employment growth coefficient of DSL availability is negative and not too far from statistical significance, unless year, industry, and district fixed effects are controlled for (with year fixed effects making the greatest difference, probably due to the economic crisis of [2008] [2009] . In contrast, the inclusion of the control variables does not affect the DSL coefficient substantially. For the Western German service sector, the DSL coefficient from the more comprehensive specification, though insignificant at standard levels, indicates a positive relationship with employment growth. Given that DSL availability is potentially endogenous, the OLS estimates may be biased due to reverse causality. However, since the OLS coefficients are not significantly different from zero, another bias might also be at work (and dominating the reverse causality bias), namely attenuation bias due to measurement error in the explanatory variable. As already discussed in Sect. 3.3, measurement error is quite plausible in this setting because DSL availability is measured at the municipality level while outcomes are measured at the establishment level. Therefore, in the following the IV estimates for Western German establishments are considered. These estimates suggest a significantly negative employment growth effect of DSL for manufacturers, and a positive effect for services (see Table 4 ). The first-stage estimates indicate that the instrument is strong: The coefficients on the distance-threshold dummy (instrument) are around 0.06 and highly statistically significant, meaning that being above the threshold reduces the average sample municipality's DSL availability by about six percentage points. Furthermore, the F statistics are always above the threshold value of ten proposed by Stock et al. (2002) . The estimate from the more comprehensive specification implies that, for the average services establishment, a 10 percentage point increase in DSL availability (a strong but realistic change from one year to the next) increases the employment growth rate by 3.25 percentage points, or 0.12 standard deviations. 4 For illustration, this implies that an establishment growing from 30 to 31 employees with given DSL availability would instead grow to have 32 employees if DSL availability was ten percentage points higher. OLS results for Eastern German establishments are presented in Table 5 . There is no indication of a significant effect of DSL on employment growth, potentially due to measurement error in the DSL variable. Moreover, model fit is relatively poor for the Eastern sample. A possible reason for this pattern is the more urban geographic structure of the Eastern sample, meaning that this sample contains a greater diversity of establishments and hence, a larger variation of employment growth, some of which may be explained by unobserved factors.
The findings obtained so far raise the question why broadband apparently spurs job creation in services but appears to have the opposite effect for manufacturing. One answer might be that service firms are more intense users of broadband (Arntz et al. 2016) , and that their internet use is complementary to employment. Akerman et al. (2015) investigate this channel of effects, failing to falsify it against a number of likely alternatives (such as demand-side product-market effects). Following this logic, the positive employment growth effect of DSL in the service sector might be driven by firms for which information is a key input and ICTs, such as broadband, are key technologies.
To assess this explanation, the above regressions are rerun for two subsets of industries: first, knowledge-intensive industries as defined by Eurostat (2016) 5 ; and second, computer-intensive industries, i.e. the top 50 percent of industries in terms of a computer use index defined by Falck et al. (2016) . This index is based on the PIAAC survey of adult competencies conducted by the OECD, and it reflects the intensity of computer use by workers in the respective industry.
6 Pooling Eastern and Western Germany, 20 percent of the sample establishments are classified as knowledge-intensive. Thereof, 90 percent belong to the service sector. Regarding computer intensity, 62 percent of the establishments with above-median computer use intensity belong to the service sector.
These results are displayed in Table 6 (OLS) and Table 7 (IV, Western Germany only). The estimates suggest positive employment growth effects for knowledge-intensive industries in both regional subsamples, as well as for computer-intensive industries in (rural) Western Germany. Although this is a plausible pattern of results, it does not necessarily imply that knowledge-or computerintensive industries are driving the positive effect found for Western German services, as the respective coefficients are not significantly different. For Eastern Germany, reassuringly, a significantly positive coefficient is found at least for the relatively small group of knowledgeintensive industries. The computer use index indicates the frequency with which employees conduct the following tasks at work: Creating or reading spreadsheets; using word-processing software; using programming language; engaging in computer-aided real-time discussions.
Robustness checks
To assess the robustness of the IV results, it is first tested whether the estimates are sensitive to the measurement problem inherent to the distance-based IV approach. Defining the IV, every municipality was assigned a value of zero or one, depending on the distance between its centroid and the MDF. Regarding individual establishments, this distance is necessarily measured with error. To tackle this problem, two alternative approaches are taken to quantify the degree to which a municipality is subject to technical obstacles.
First, following Falck et al. (2014) , the same distance is measured from the municipality's population-weighted centroid, rather than its geographic centroid.
7 Thereby, the value of the IV changes for 13 percent of the Western German municipalities, mostly from one (above the threshold) to zero (below the threshold), which is plausible because MDFs are placed in or near buildings and therefore necessarily closer to the population-weighted than the geographic centroid. For the same reason, when using the population-weighted centroid, slightly more municipalities are found to be less than 4.2 km distant from their nearest (not originally assigned) MDF. As before, these municipalities are dropped, which results in a slightly smaller sample compared to the previous estimations. Second, the threshold-dummy IV is replaced by the share of the municipality's land area that is more than 4.2 km distant from the assigned MDF. The relationship between this variable and DSL availability is illustrated in Fig. 3 , which shows a significant negative relationship between this alternative, continuous IV and DSL availability. The estimates from both robustness exercises are close to those obtained with the main IV, see Table 8 , although the results for manufacturing turn out to be less robust than those for services. Therefore, at least for the services subsample, the estimates based on the binary distancethreshold IV are not driven by the peculiar measurement of distance between 'the municipality' and the MDF.
In another robustness check, similar to Falck et al. (2014) , as an alternative to instrumenting DSL availability, a long-difference model is estimated (technically a first-difference model) which identifies the effect of DSL based on the change in DSL availability between the pre-DSL period (up to 1999) and the main observation period, when DSL was available. This model can be formulated as
In constructing the differences of employment growth (second term of Eq. 3), there are several alternative values for t (2006, 2007, 2008) , that is, the year-to-year employment growth rates for 2006-2007, 2007-2008, and 2008-2009 . On the right-hand-side of the equation, the differences are constructed between the various years t and the base year 1999. Note that DSL mt is identical to DSL mt (as in Eqs. 1 and 2), since DSL was not available before 2000. Due to first-differencing, the estimation samples are reduced to about 70 percent of their original size for manufacturing, and about 60 percent for services.
Regarding Western Germany (Table 9) , at least for t = (2006, 2007) , these estimations confirm the positive employment growth effect of DSL availability in the service sector, whereas the negative employment growth effect for manufacturing establishments found in the main Fig. 3 Relevance of the alternative IV (land area share above the threshold). Data sources: Broadband Atlas Germany, Deutsche Telekom, Google Earth, Corine Land Cover database specification once more is not confirmed. For t = 2008 , no significant employment growth effects are found using the long-difference model. This could be due to the 2008/2009 recession (due to first-differencing, year fixed effects cannot be used in this specification). For Eastern Germany (Table 10) , partly positive employment growth effects are found for both sectors. However, the pattern of estimates for Eastern Germany seems less plausible and robust across different values of t . Regarding quantitative interpretation, the estimates for t = 2007 and service establishments imply that a ten percentage point increase of DSL availability (from zero) between 1999 and 2007 is related to an increase of employment growth by 1.95 percentage points (West), respectively 0.86 percentage points (East).
In further robustness checks, the five percent largest establishments within both sectoral subsamples are dropped, as well as establishments with 250 or more employees. The largest establishments have considerable weight due to the employment-weighting of the regressions. The results, displayed in Table 14 in "Appendix", largely confirm the results of the main estimations. Again, only the positive employment growth effect of DSL availability in the service sector proves robustly significant. A similar pattern is found if the weights are not used (Table 15 in the "Appendix").
In some final robustness checks (results not reported), rather than total employment, full-time and full-timeequivalent employment are used to construct the 
Conclusions
This article investigates the effect of broadband internet availability on the employment growth of German business establishments in the period 2005-2010. The analysis is carried out for different subsamples, separating rural Western Germany and Eastern Germany as well as manufacturing and service establishments. To obtain causal estimates, technical frictions which impeded the rollout of broadband in rural Western Germany are used to construct an instrumental variable for local broadband availability, largely following Falck et al. (2014) . In line with previous empirical literature, the empirical results for Western Germany suggest that broadband expansion has helped service establishments create jobs. The magnitude of this employment growth effect is substantial: A ten percentage point increase in DSL availability is associated with an increase in the employment growth rate of two to three percentage points. Also in line with previous research, a significantly positive effect is found for knowledge-intensive industries. In contrast, for Western German manufacturers a negative employment growth effect of similar magnitude is found, which however turns out to be less robust to changes of the estimated specification. The internal validity of the findings is supported by robustness checks concerning in particular the definition of the instrument.
For Eastern Germany, although a feasible IV approach is available, it turns out invalid in this setting. However, a long difference regression provides some evidence of a positive effect (for both sectors but primarily for services) of similar absolute magnitude as in Western Germany. Furthermore, there is some evidence (from OLS estimations) of a positive effect for Eastern German knowledge-intensive industries.
The finding of a service-biased job creation effect, or even a reallocation of job creation from manufacturing to services, is in line with theoretical considerations and previous empirical literature, which finds the same sectoral pattern. Due to the focus on employment growth at the establishment level and broadband availability at the establishment location, the findings of this study suggest that broadband affects employment growth through its productive use in firms, with service firms being more apt to use it than manufacturers. Moreover, broadband may induce outsourcing of manufacturing jobs to the service sector, which would be in line with the opposite signs estimated for both sectors, but cannot be identified with the data at hand. Furthermore, a fast broadband connection may enable employees to work from home and enable more flexible work hours. Thereby, broadband can help reconcile work and family duties and thus increase labor supply, notably for high-qualified women with children (Dettling 2017) . These channels of effects, which would merit further empirical investigation given the necessary data, are also in line with the service-biased employment growth effect of broadband internet found in this study. Hethey and Schmieder (2010) and the first appearance date of the ID. Furthermore, I limit the sample to establishment observations with at least one full-time employee, since only for these, the establishment's median gross daily wage, used as a control variable, is observed (the IAB data do not contain precise working hours or hourly wages). I also check for implausible values and outliers in important establishment characteristics, dropping some rare establishment observations with a reported median daily wage for full-time workers below 10 Euros (this concerns less than one percent of establishment observations). Such implausibly low values can arise if a substantial fraction of an establishment's workers (typically in very small establishments) hold a position but are not actively working, as is the case during sickness leave (after six weeks), maternity leave, or sabbaticals. Finally, I drop all observations below the first and above the 99 th percentile in terms of employment growth, as there are a small number of establishment observations with implausibly small (negative) or large growth rates.
At the municipality level, I drop all observations of Berlin because the DSL data do not report separate values of DSL availability for the formerly separate Eastern and Western parts of the city, although these have historically different telecommunication infrastructures.
See Tables 11, 12, Distance between each municipality and its assigned MDF is measured using the municipality's geographic centroid. The strikingly high number of sample municipalities in Rhineland-Palatinate in the Southwest and their low number in North-Rhine Westphalia in the West is due to extreme differences in municipality size. North-Rhine Westphalian municipalities are on average ten times as large as those in Rhineland-Palatinate (86 vs. 8.6 square km). Thus, there are a very large (small) number of municipalities without an own MDF in Rhineland-Palatinate (North-Rhine Westphalia). Data source: Deutsche Telekom
